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Owing to their inherent three-dimensionality and structural novelty, spiro scaffolds have been increas-
ingly utilized in drug discovery. In this brief review, we highlight selected examples from the primary
medicinal chemistry literature during the last three years to demonstrate the versatility of spiro scaffolds.
With recent progress in synthetic methods providing access to spiro building blocks, spiro scaffolds are
likely to be used more frequently in drug discovery.
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).One widely used strategy in drug design is to rigidify the ligand
conformation by introducing a ring.1 The resulting cyclic analog
will suffer a reduced conformational entropy penalty upon binding
to a protein target. In addition to ring fusion, conformational
restriction can also be imposed by introduction of a spiro-ring
fusion. Spiro compounds are molecules containing two rings with
just one shared atom (the spiroatom). Spiro rings such as spiroke-
tals are present in numerous natural products;2 simple spiroketals
are known insect pheromones. A small number of spiro containing
drugs has been investigated during the last several decades;3 a few
examples are shown in Figure 1. Recent progress on new synthetic
routes to spiro building blocks will facilitate incorporation of spiro
scaffolds into more pharmaceutically active molecules. Spiro con-
taining systems not only have greater three-dimensionality than
ﬂat aromatic compounds, but also introduce structural novelty
for patentability. Even though both spirocyclic and ﬂat aromatic
rings can impact ligand binding entropy, it has been suggested that
compounds with too many ﬂat rings have suboptimal physical
properties and are less likely to be successfully developed as
drugs.4 As a result, spiro compounds have increasingly appeared
in the recent literature.5
In this review, selected examples from medicinal chemistry lit-
erature published within the past three years (2011- March 2014)
will be presented to illustrate the utility of spirocyclic scaffolds in
drug discovery.
3-Membered spirocyclic systems: Cyclopropane and oxirane can
be incorporated into spiro scaffolds, for example compounds 1–6
(Fig. 2). Even though the N–H and N–Me forms of aziridines arepresent in a number of bioactive natural products such as mito-
mycins, it is generally difﬁcult to construct such aziridines from
unfunctionalized oleﬁns. A recent report of a facile synthetic route
to N–H and N–Me aziridines will enable their incorporation into
drug molecules.6
Free fatty acid receptor 1 (FFA1, or GPR40), is a GPCR highly
expressed in pancreatic b-cells and is considered to be an attractive
target for type 2 diabetes. Two spiro FFA1 agonists have been
reported recently.7,8 Compound 1a (AM-5262) is a full agonist of
FFA1 with an EC50 of 0.081 lM.7 As compared to the unconstrained
early lead AM-1638 (1b), the introduction of the spiro constraint
improved the potency for FFA1 by twofold, and enhanced the off-
target selectivity when tested at 10 lM against a panel of 101
GPCRs, ion channels, transporters, and enzymes. AM-5262 demon-
strated >90% inhibition of only one member of this panel, while the
non-spirocyclic AM-1638 inhibited four targets. AM-5262 has rea-
sonable rat PK (half-life = 4.2 h; clearance = 0.25 L/h/kg; F% = 28)
and showed enhanced glucose stimulated insulin secretion and
improved glucose homeostasis in vivo. Astellas disclosed another
FFA1 agonist, compound 2 (AS2575959), and described its effect
on glucose metabolism and potential synergy with a dipeptidyl pep-
tidase-IV (DPP-IV) inhibitor, sitagliptin.8 The demonstrated synergis-
tic effect on the glucose dependent insulin secretion and GLP-1
concentration increase appears to be the ﬁrst between a FFA1 ago-
nist and a DPP-IV inhibitor. The structural resemblance between
the Amgen and Astellas compounds (1a and 2, respectively) is quite
apparent. However, the spiro ring fusion patterns are different.
Sudemycin D6 (3), was shown to be a modulator of pre-mRNA
splicing with potent cytotoxic activity in various tumor cell lines
(IC50 = 39 nM for SK-MEL-2, 22 nM for JeKo-1, 50 nM for HeLa,
and 81 nM for SK-N-AS cell lines).9 Compound 4 is a potent,
once-daily oral NS5A inhibitor against HCV infection (EC50 = 31 pM
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Figure 1. Some marketed drugs containing spirocyclic scaffolds.
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Figure 2. Spirocyclic compounds incorporating 3-membered rings.
3674 Y. Zheng et al. / Bioorg. Med. Chem. Lett. 24 (2014) 3673–3682against genotype 1a replicon) from Gilead.10 It has a plasma half-
life of 37–45 h in healthy volunteers, and phase 2 trials showed 4
to be very safe and well tolerated. Recently, a novel spiro antago-nist (5) of histamine-3-receptor (H3R) was reported.11 Compound
5 is potent against H3R (IC50 = 8.3 nM; hERG >33 lM) and selective
over a panel of 144 secondary pharmacological receptors.
Y. Zheng et al. / Bioorg. Med. Chem. Lett. 24 (2014) 3673–3682 3675Spirocyclic nucleoside analog 6 was reported to demonstrate
signiﬁcant antiviral activity against HCV (EC50 = 0.273 lM, and
0.368 lM for genotypes 1A and 1B, respectively).12
4-Membered spirocyclic systems: Compounds 7–17 (Figs. 3 and 4)
are recent examples of spirocyclic scaffolds incorporating 4-mem-
bered rings. Among nucleoside modiﬁcations that have been
explored by Pharmasset and Janssen as anti-HCV compounds are
20-spirocyclic ethers.13,14 Spirocyclic 20-oxetane guanosine triphos-
phate 7 inhibits both wild-type and S282T mutant RNA polymer-
ase, NS5B, with an IC50 of 9.5 lM against wild-type NS5B
polymerase and 10.4 lM for S282T mutant.13 Phosphoramidate
prodrugs of 20-deoxy-20-spirooxetane cytidine and uridine (e.g.,
8) exhibited EC50 values from 0.2 lM to >98 lM in the Huh7-
replicon cell line without apparent cytotoxicity.14
In recent years, oxetanes have attracted attention in the drug
discovery community.15 HCV NS3 protease inhibitors represent
another type of therapy for treatment of hepatitis C viral infection.
Spiroazetidine 9 is a less potent analog of boceprevir with an
IC50 = 0.8 lM against NS3 protease.16
Spirooxetane 10 is a potent inhibitor of RSV (respiratory syncy-
tial virus) A polymerase (replicon EC50 = 10 nM).17 Additional
investigations indicated that 10 was rapidly absorbed into the sys-
temic circulation following intratracheal dosing. Therefore insufﬁ-
cient compound was retained in the lung and bronchoalveolar
lavage ﬂuid, suggesting further improvement is still needed.
Compounds 11–13 (Fig. 4) are 2,7-diazaspiro[3,5]nonane
inverse agonists of ghrelin receptor (GR), a GPCR target that plays
a role in obesity and glucose homeostasis.18 Compound 11 (hGR
IC50 = 4.6 nM) has an undesired off-target effect; speciﬁcally it
demonstrated muscarinic acetylcholine receptor (mAChR) M2
activity (pKi = 6.57 (or Ki = 269 nM)).18a Cyclization near the azeti-
dine nitrogen yielded 12 (hGR pKi = 8.2 (or Ki = 6.3 nM)) with
improved selectivity over mAChR M2 (pKi = 4.85 (or Ki = 14125.4 -
nM)) as well as high receptor occupancy.18b A further optimized
compound (13, PF-5190457, pKi = 8.36 (or Ki = 4.4 nM)) showed a
better balance of receptor activity and off-target selectivity (M2
Kb/ghrelin receptor Ki ratio of 266).18c
Compound 14 is an inhibitor of fatty acid amide hydrolase (hFAAH
apparent IC50  = 8 nM).19 Spiro compound 15 is a very potent inhib-
itor (IC50 = 3.3 nM) of histone methyltransferase G9a with excellent
selectivity of >1000-fold over 21 other methyltransferases.20
Structure-based design has been successfully applied to
discover several types of potent inhibitors for BACE1 (b-siteO
O
HO
NO
N
N NH
O
H2N
P
O O
HO
PO
O
OH
P
HO O
HO
N
N
O
N
H
O
H
N
N
O
O
HN
O
O
HN
7
9
Figure 3. Spirocyclic compounds cAPP-cleaving enzyme 1), which has been a subject of investigations
as a target for Alzheimer’s disease.21 The design of potent BACE1
inhibitors which are also brain penetrant has been a major chal-
lenge for many research teams. Amgen reported a series of hydoxy-
ethylamine (HEA) based BACE1 inhibitors (e.g., 16 and 17) that
lower Ab levels in rat brains after oral administration.22,23 Com-
pound 16 is a potent (IC50 = 5.5 nM in FRET assay, 9.6 nM in cell),
permeable inhibitor with low rat P-glycoprotein (P-gp) efﬂux ratio
of 1.7. These compounds are also potent CYP3A4 inhibitors (e.g.,
CYP3A4 IC50 for 17 is 50 nM);22 potent CYP3A4 inhibition is gener-
ally undesirable for a drug molecule.
5/5 and 5/6 spiro-ring fused systems: The majority of the spirocy-
clic scaffolds described in the literature incorporate 5- and 6-
membered ring systems. Using an X-ray based fragment screen,
scientists at Pﬁzer identiﬁed BACE1 inhibitors with a spiropyrroli-
dine scaffold; further structure-based optimization led to a 1 lM
inhibitor (18, Fig. 5).24 Compound 19 was reported to be a potent
antagonist (IC50 = 8.6 nM) of the protease activated receptor 1
(PAR1), which plays an important role in thrombin mediated plate-
let aggregation.25 However, the current structures (19 and analogs)
were metabolized quickly and further improvements are required.
The racemic 1-thia-4,7-diaza-spiro[4.4]nonane-3,6-dione con-
taining compound 20 is a potent antagonist of 5-hydroxytrptamine
6 (5-HT6) with Ki of 26 nM. The more potent enantiomer of 20 had
a Ki of 15 nM against 5-HT6 with good selectivity over other
members of the serotonin family.26
Small molecule protein/protein interaction inhibitors which
disrupt the MDM2/p53 interaction have been a subject of clinical
investigations.27 Wang’s group at the University of Michigan has
discovered a class of spirooxindole-based inhibitors.28 Their opti-
mization efforts led to the discovery of compound 21 (MI-888),
which showed remarkable activity in xenograft models of human
cancer after oral administration and appears to be the most efﬁca-
cious MDM2 inhibitor (Ki = 0.44 nM) reported so far. Spirooxin-
dole-3,30-thiazolidine containing compound 22 (IC50 = 40 nM)
also showed interesting activity in human tumor cell lines.29
Compound 23 represents another class of inhibitors based on the
spiroisoxazoline oxindole scaffold; the disruption of the p53/
MDM2 complex was demonstrated in a live-cell biomolecular ﬂuo-
rescence complementation assay.30 Compounds 24 (RO2468) and
25 (RO5353) are potent (IC50 = 6 nM and 7 nM, respectively), orally
active MDM2/P53 antagonists from Roche that are clearly structur-
ally related to 21 by replacement of a benzene ring of the oxindoleO
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Figure 4. Further examples of spirocyclic scaffolds containing 4-membered rings.
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Figure 5. Compounds containing 5/5 spiro-ring fusions.
3676 Y. Zheng et al. / Bioorg. Med. Chem. Lett. 24 (2014) 3673–3682with a heterocycle (chlororopyridine in 24 and chlorothiophene in
25, respectively).31
Spirohydantoin BMS-688521 (26, Fig. 6) is an antagonist
(IC50 = 2.5 nM) of the interaction between integrin LFA-1 (leuko-
cyte function associated antigen-1) and ICAMs (intercellular adhe-
sion molecules) and has been advanced into clinical trials.32
XEN402 (27) is a spirooxindole containing inhibitor of the
Nav1.7 ion channel which is in clinical trials for treatment of pain
in patients with congenital erythromelalgia.33 Spiroindoline 28 is
a SYK kinase inhibitor with an IC50 of 0.189 lM and good selectiv-
ity over a panel of kinases.34 A structurally related compound (29)
was reported to be a probe for the human (EC50 of 3.2 lM) and rat
muscarinic M1 receptor subtype.35 Compound 30 is a new antago-
nist of the CGRP receptor (Ki = 0.04 nM, P-gp efﬂux ratio of 1.4), a
GPCR target for migraine.36 Compound 31 is a potent p38a kinase
inhibitor (IC50 = 1.8 nM) with good bioavailability in rat (65%).37Compound 32 from GlaxoSmithKline is an analog of 4 with a
different spiro ring fusion. Compound 32 is a potent HCV NS5A
inhibitor (pEC50 = 10.4 (EC50 = 39.8 pM) for NS5A gt1A).38 Com-
pound 33 (SMU-B, Fig. 7), structurally related to 31, has been
reported to be a potent, orally available dual c-Met (IC50 = 1.87 nM)
and ALK (IC50 <0.5 nM) inhibitor.39 SMU-B demonstrated signiﬁ-
cant tumor growth inhibition in GTL-16 human gastric carcinoma
xenograft models.
The discovery of sodium glucose cotransporter 2 (SGLT2) inhib-
itor, tofogliﬂozin, for treatment of type 2 diabetes was reported by
Chugai.40 Compound 34 is highly selective for SGLT2 (IC50 of
2.9 nM for hSGLT2 vs 8444 nM for hSGLT1). Tofogliﬂozin is cur-
rently in phase 3 clinical trials. Compound 35 is a potent inhibitor
of 11-b HSD1 (IC50 = 1.1 nM).41 A spiro scaffold has been used to
mimic Pro-Leu-Gly-NH2 as shown in compound 36, which behaves
as a negative allosteric modulator of dopamine D2 receptor.42
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Figure 6. Further examples with 5/5 spiro-ring fusions.
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Figure 7. Compounds with 5/6 spiro-ring fusions.
Y. Zheng et al. / Bioorg. Med. Chem. Lett. 24 (2014) 3673–3682 3677GPR119 agonists have provided another mechanism to regulate
glucose homeostasis and treat type 2 diabetes. Based on virtual
screening and combinatorial chemistry follow-up, scientists at
Boehringer Ingelheim discovered a novel class of GPR119 agonists,
exempliﬁed by 37 (EC50 = 93 nM).43 Afﬁnity selection mass spec-
trometry (AS-MS) was used by scientists at Merck to discover some
spirooxindoles as inhibitors of hypoxia-inducible factor prolyl
hydroxylase 1–3 (HIF PHD1-3).44 Subsequent optimization yielded
spirohydantion 38 (PHD1 IC50 = 0.2 nM; PHD2 IC50 = 0.2 nM; PHD3
IC50 = 1.6 nM; hERG binding of 22 lM; and CYPs >50 lM) as a pre-
clinical candidate for treatment of anemia.
Phospholipase D (PLD) is an antipsychotic target. ML298 (39
where R = H, X = Y = F) is a selective PLD2 inhibitor (PLD1 IC50
>20,000 nM, PLD2 IC50 = 355 nM) while a close analog of ML298
(ML299, 39 where R = CH3, X = Br, Y = H) is dual PLD1/PLD2
inhibitor (PLD1 IC50 = 6 nM, PLD2 IC50 = 20 nM).45 A spiropiperidi-
neamide-based human b-tryptase inhibitor was reported by scien-
tists from Sanoﬁ-Aventis (40). This potent inhibitor 40 (Ki = 15 nM)also exhibited excellent metabolic stability without signiﬁcant
hERG channel inhibition.46 Spiroimidazolone containing compound
41 was reported to be a potent and selective glucagon receptor
antagonist (hGCGR cAMP IC50 = 46 ± 12 nM; hGLP-1R cAMP IC50
>10,000 nM).47 At 30 mg/kg, 41 showed a signiﬁcant glucose-
lowering effect in a mouse model of type 2 diabetes.
CCR1 is a chemokine receptor that is believed to play an impor-
tant role in chronic inﬂammatory diseases. Astra-Zeneca described
compound such as 42 (Fig. 8) that are potent antagonists of human
(IC50 = 1.8 nM) as well as rat CCR1 (IC50 = 16 nM).48
A number of 5/6 spirofused BACE1 inhibitors have been
reported over the last three years. Aminooxazoline-based BACE1
inhibitor 43 from Amgen displayed good potency against BACE1
in both enzyme (IC50 = 8 nM) and cellular (IC50 = 36 nM)
assays; it also showed good selectivity over cathepsin D
(IC50 = 4470 nM).49 Compound 43 is brain penetrant, and a single
oral 30 mg/kg dose resulted in signiﬁcant CNS Ab40 reduction in
naïve rats. The right hand benzene ring of the tricyclic system in
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Figure 8. Further examples with 5/6 spiro-ring fusions.
3678 Y. Zheng et al. / Bioorg. Med. Chem. Lett. 24 (2014) 3673–368243 can be replaced by a saturated ring as shown in 44.50 Spiropyrr-
olidine 45 exhibited good BACE1 inhibition (IC50 = 29 nM).51 The
aminohydantoin 46 is also a potent BACE1 inhibitor (IC50 = 48 nM)
and reduced CSF Ab in rodents and monkey.52 Unlike the above
mentioned HEA based BACE1 inhibitors (16 and 17, Fig. 4) which
bind to the ﬂap closed conformation of BACE1, both the aminoox-
azoline and aminohydantoin based inhibitors bind to the ﬂap open
BACE1 conformation. Compound 47 (Fig. 8) is spirocyclic sulfamide
BACE1 inhibitor from Pﬁzer (IC50 = 0.10 lM).53
Spiropiperidine based compound 48a from BMSwas reported to
be a potent, orally available P2Y1 antagonist (FLIPR IC50 = 2.6 nM;
solubility of 4 lg/mL) and demonstrated a robust antithrombotic
effect in the rat thrombosis and hemostasis models.54a Further
optimization led to 48b (FLIPR IC50 = 0.12 nM; solubility of
680 lg/ml),54b which is more efﬁcacious than 48a. Spiroquinucli-
dines and derived analogs (e.g., 49 and 50) are known a7 nicotinic
acetylcholine receptor modulators, which have been reviewed
recently.55 TRV130 (51) is a novel agonist of G protein l opioid
receptor (pEC50 = 8.1 (or EC50 = 7.9 nM)) discovered by Trevena;56
it is now in clinical trials for treatment of acute severe pain.
Compound 52 exhibited potent inhibition of renin (IC50 = 0.5 nM),
a target for hypertension (Fig. 8).57
The two orexin receptor subtypes (OX1R and OX2R) are targets
for treatment of insomnia. Spiropiperidine 53 is a potent and selec-
tive orexin-2 receptor (OX2R) antagonist (IC50 = 3.3 nM; 450-fold
selective against OX1R).58 Compound 54 is a potent neuropeptide
Y5 receptor antagonist (Ki = 1 nM) with good metabolic stability
in human (Clint <6 ml/mg/kg) and rat (Clint <25 ml/mg/kg) micro-
somes.59 However, it failed to show efﬁcacy in a diet-induced
obese rat model. Compound 55 represents a novel class of mGluR5
allosteric modulators.60 Compound 55 is potent (IC50 = 23 nM), and
brain penetrant, and has shown efﬁcacy in the mouse marble bury-
ing test, which is generally used as an indicator of potential anxio-
lytic activity.60 Spiropiperidine compound 56 has been developedas positron emission tomography imaging agent for the r1 recep-
tor (Ki = 0.79 nM).61 Interestingly, a spiro inﬂuenza virus A neur-
aminidase inhibitor (57) was discovered by Pinto and coworkers
during synthetic follow-up of a carbocyclic analogues of zanamivir
(Fig. 9).62
Lipid synthesis plays an important role in obesity, type 2 diabe-
tes, and cancer. As the ﬁrst committed step in the pathway to fatty
acids, acetyl CoA carboxylase (ACC) has been intensively investi-
gated.63 Compound 58 is a potent acetyl-CoA carboxylase (ACC)
inhibitor discovered by Takeda (IC50 = 32 nM for ACC1 and
5.4 nM for ACC2).64a Further optimization generated compound
59 (ACC1 IC50 = 21 nM; ACC2 IC50 = 4.9 nM), which is orally bio-
available and signiﬁcantly decreased the values of the respiratory
quotient in rats.64b
6/6 Spiro-ring systems: Based on screening of an in-house com-
pound collection and subsequent optimization, Pﬁzer scientists
identiﬁed some spiroketone-derived ACC inhibitors.65 Further
optimization led to spirolactam 60 (Fig. 10), a pre-clinical candi-
date for type 2 diabetes.65 Compound 60 is potent for both ACC1
(IC50 = 10 nM) and ACC2 (IC50 = 4 nM) and has good in vivo meta-
bolic stability (HLM <8 lL/min/mg).
Compound 61 from Novartis is a selective antagonist of hOX2R
(pKi = 7.85 (Ki = 14.1 nM) vs 6.29 (Ki = 512.9 nM)) for hOX1R), and
induced sleep in mice.66
Compound 62 is a r receptor agonist with modest selectivity
over r2 (r1 Ki = 0.55 nM, r2 Ki = 109 nM).67 Further optimization
of the fused ring and the N-substituent led to a more selective
compound (63) (r1 Ki = 1.1 nM with a r1/r2 selectivity ratio of
>900).68 Based on the previously reported anti-trypanosome activ-
ity of amantadine and rimantadine (anti-inﬂuenza A drugs) and
the presence of essential metalloenzymes in trypanosomatid, Fytas
et al. designed some novel N-hydroxyamides that showed excel-
lent trypanocidal activity as exempliﬁed by compound 64 (Trypan-
osoma brucei IC50 = 6. 8 nM, Trypanosoma cruzi IC50 = 0.21 lM).69
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Y. Zheng et al. / Bioorg. Med. Chem. Lett. 24 (2014) 3673–3682 3679Compound 65 is a potent, orally bioavailable histone deacetylase
(HDAC) inhibitor (IC50 = 0.121 lM), and showed tumor growth
inhibition in an HCT-116 murine xenograft model.70
Spirobenzopyranpiperidine 66 is a potent and selective
histamine-3 receptor (H3R) antagonist (hH3 Ki = 7 nM, rH3
Ki = 17 nM).71 The bioavailability of 66 and its analogs is rather
low; further optimization is required. Compound 67 was reported
to be a potent inhibitor of soluble epoxide hydrolase (IC50 = 1.1
nM) with good bioavailability as well as some renal protectiveeffect in a rat model.72 Compound 68 inhibits a number of pro-
tein kinases73 and 69 is an orally available inhibitor of MK2
(EC50 = 7.4 nM).74
Peptidomimetic 70 is a dual neurokinin 1 (NK1, pKi = 8.6
(Ki = 2.5 nM)) and neurokinin 3 (NK3, pKi = 8.1 (Ki = 7.9 nM)) recep-
tor antagonist.75
7-Membered spirocyclic systems: Four spiro compounds which
incorporate a seven membered ring have been reported (Fig. 11).
Compounds 7176 and 7277 are inhibitors of stearoyl-CoA
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Figure 11. Compounds containing a 7-membered spirocyclic scaffolds.
3680 Y. Zheng et al. / Bioorg. Med. Chem. Lett. 24 (2014) 3673–3682desaturase-1 (SCD1), a therapeutic target for metabolic disorders
and other indications.78 Compound 71 is potent against mSCD1
(IC50 = 8 nM) with a reasonable PK proﬁle and also showed a mod-
erate reduction of the plasma desaturation index 4 h after oral dos-
ing at 30 mg/kg. However, at higher doses over an extended period,
some target-related side effects were observed. Compound 72
inhibited human SCD1 with an IC50 of 10 nM.77
Compound 73 inhibited the BIR2 (second baculovirus IAP
repeat) domain (BIR2 IC50 = 0.039 lM, BIR3 IC50 = 3.06 lM)
potently with adequate PK proﬁle for further in vivo studies.79 Spi-
rocycle 74 is an orally available inhibitor of glycogen synthase
kinase 3b (GSK-3b) (IC50 = 36 nM) with a signiﬁcant dose-depen-
dent plasma glucose lowering effect after the oral glucose toler-
ance test.80
Summary and perspective: The most utilized spiro ring systems
reported over the last three years involve ﬁve and six membered
rings (Figs. 5–10). Spiro ring systems have been successfully incor-
porated into ligands of GPCRs (e.g., 1, 2, 11–13, 30, 41, 42) and
other receptors, enzyme inhibitors (kinases (e.g., 28, 31, 33), aspar-
tyl proteases renin (52) and BACE1 (16, 17, 18, 43–47), epoxide
hydrolase (67) etc.) and protein–protein interaction inhibitors
(21–26). The presence of a spiro ring fusion tends to impose con-
formational restriction on a molecule. If the spiro ring lies in the
periphery of a molecule, the conformational impact is rather lim-
ited. However, a centrally situated spiro ring signiﬁcantly rigidiﬁes
the compound. In a number of cases, spiro rings were probably
introduced mainly to provide novelty. In such cases, the spiro rings
tend to be in the periphery of the molecules such as in 4, 15, and 32
and the small spiro ring can often be replaced by a geminal dialkyl
group (e.g., geminal dimethyl) without causing signiﬁcant confor-
mational perturbation. For instance, in 15, the cyclobutane ring
can be replaced by geminal dimethyl with a resulting IC50 of
0.9 nM.20 For BACE1 inhibitors 43, 44, 45, 46, and 47, the spiro ring
is crucial for presenting the basic moiety of each inhibitor to the
active site catalytic Asp dyad.21
When a ligand binds to a protein, the bound conformation is
usually not identical to the low energy conformation of the free
ligand in solution; the energy difference between those two con-
formations is referred to as strain energy.81 If the dominant confor-
mation of the free ligand is the same as the bound conformation,
the entropic penalty is alleviated upon protein–ligand complex for-
mation and the ligand binding afﬁnity is enhanced due to reduced
strain energy.82 Constraining the free ligand conformation to the
bound conformation by cyclization has been widely applied, and
in one extreme case, a free energy difference of 3.6–5.6 kcal/mol
was reported.82 When used appropriately, spiro cyclization pro-
vides an excellent way to enforce the desired conformation for
ligand–protein binding; we may expect to see more exampleswhere this tactic has been employed in the future. Introduction
of conformational restriction by ring formation, including spiro
ring formation, can not only modulate binding potency and speci-
ﬁcity, but also potentially improve bioavailability and metabolic
stability.83 Furthermore, conformational restriction may reduce
off-target activities. The fraction of sp3 carbons (Fsp3, ratio of num-
ber of sp3 hybridized carbons and total carbon count in a molecule)
and chiral carbon count have been used as descriptors of molecular
complexity.4c,d Interestingly, the Fsp3 descriptor not only appears
to correlate with the probability of a compound progressing suc-
cessfully from discovery, through clinical testing, to becoming a
drug, but also correlates with compound solubility.4c Furthermore,
increasing complexity also reduces promiscuity and P450 inhibi-
tion.4d Spiro-ring fusion provides a useful method of increasing
molecular complexity and may offer greater beneﬁt than introduc-
tion of ﬂat rings.
With the recent advances in synthetic routes to spiro building
blocks14,84–86 and the interest in fragments with greater three-
dimensionality,87 more bioactive compounds containing spiro
rings will be exploited in drug discovery. Even though all of the
compounds discussed so far contain only one spiro element, in
principle more than one spiro ring system can be incorporated into
a drug molecule.88
References and notes
1. The Practice of Medicinal Chemistry; Wermuth, C. G., Ed.; Elsevier Academic
Press: San Diego, 2003.
2. Perron, F.; Albizati, K. F. Chem. Rev. 1989, 89, 1617.
3. Knox, C.; Law, V.; Jewison, T.; Liu, P.; Ly, S.; Frolkis, A.; Pon, A.; Banco, K.; Mak,
C.; Neveu, V.; Djoumbou, Y.; Eisner, R.; Guo, A. C.; Wishart, D. S. Nucleic Acids
Res. 2011, 39, D1035. http://www.drugbank.ca..
4. (a) Aldeghi, M.; Malhotra, S.; Selwood, D. L.; Chan, A. W. E. Chem. Biol. Drug Des.
2014, 83, 450; (b) Richie, T. J.; Macdonald, S. J.; Young, R. J.; Pickett, S. D. Drug
Discovery Today 2009, 14, 1011; (c) Lovering, F.; Bikker, J.; Humblet, C. J. Med.
Chem. 2009, 52, 6752; (d) Lovering, F. Med. Chem. Commun. 2013, 4, 515.
5. Marson, C. M. Chem. Soc. Rev. 2011, 40, 5514.
6. Jat, J. L.; Paudyal, M. P.; Gao, H.; Xu, Q.-L.; Yousufuddin, M.; Devarajan, D.; Ess,
D. H.; Kurti, L.; Falck, J. R. Science 2014, 343, 61.
7. Wang, Y.; Liu, J.; Dransﬁeld, P. J.; Zhu, L.; Wang, Z.; Du, X.; Jiao, X.; Su, Y.; Li, A.-
R.; Brown, S. P.; Kasparian, A.; Vimolratana, M.; Yu, M.; Pattaropong, V.; Houze,
J. B.; Swaminath, G.; Tran, T.; Nguyen, K.; Guo, Q.; Zhang, J.; Zhuang, R.; Li, F.;
Miao, L.; Bartberger, M. D.; Correll, T. L.; Chow, D.; Wong, S.; Luo, J.; Lin, D. C.-
H.; Medina, J. C. ACS Med. Chem. Lett. 2013, 4, 551.
8. Tanaka, H.; Yoshida, S.; Minoura, H.; Negoro, K.; Shimaya, A.; Shimokawa, T.;
Shibasaki, M. Life Sci. 2014, 94, 115.
9. Lagisetti, C.; Palacios, G.; Goronga, T.; Freeman, B.; Cauﬁeld, W.; Webb, T. R. J.
Med. Chem. 2013, 56, 10033.
10. Link, J. O.; Taylor, J. G.; Xu, L.; Mitchell, M.; Guo, H.; Liu, H.; Kato, D.; Kirschberg,
T.; Sun, J.; Squires, N.; Parrish, J.; Keller, T.; Yang, Z.-Y.; Yang, C.; Matles, M.;
Wang, Y.; Wang, K.; Cheng, G.; Tian, Y.; Mogalian, E.; Mondou, E.; Cornpropst,
M.; Perry, J.; Desai, M. C. J. Med. Chem. 2014, 57, 2033.
11. Brown, D. G.; Bernstein, P. R.; Grifﬁn, A.; Wesolowski, S.; Labrecque, D.;
Tremblay, M. C.; Sylvester, M.; Mauger, R.; Edwards, P. D.; Throner, S. R.;
Folmer, J. J.; Cacciola, J.; Scott, C.; Lazor, L. A.; Pourashraf, M.; Santhakumar, V.;
Y. Zheng et al. / Bioorg. Med. Chem. Lett. 24 (2014) 3673–3682 3681Potts, W. M.; Sydserff, S.; Giguère, P.; Lévesque, C.; Dasser, M.; Groblewski, T. J.
Med. Chem. 2014, 57, 733.
12. Gadthula, S.; Rawal, R. K.; Sharon, A.; Wu, D.; Korba, B.; Chu, C. K. Bioorg. Med.
Chem. Lett. 2011, 21, 3982.
13. Du, J.; Chun, B.-K.; Mosley, R. T.; Bansal, S.; Bao, H.; Espiritu, C.; Lam, A. M.;
Murakami, E.; Niu, C.; Micolochick Steuer, H. M.; Furman, P. A.; Soﬁa, M. J. J.
Med. Chem. 2014, 57, 1826.
14. (a) Jonckers, T. H. M.; Vandyck, K.; Vandekerckhove, L.; Hu, L.; Tahri, A.; Van
Hoof, S.; Lin, T.-I.; Vijgen, L.; Berke, J. M.; Lachau-Durand, S.; Stoops, B.;
Leclercq, L.; Fanning, G.; Samuelsson, B.; Nilsson, M.; Rosenquist, Å.; Simmen,
K.; Raboisson, P. J. Med. Chem. 2014, 57, 1836; (b) Jonckers, T. H. M.; Lin, T.-I.;
Buyck, C.; Lachau-Durand, S.; Vandyck, K.; Van Hoof, S.; Vandekerckhove, L. A.
M.; Hu, L.; Berke, J. M.; Vijgen, L.; Dillen, L. L. A.; Cummings, M. D.; de Kock, H.;
Nilsson, M.; Sund, C.; Rydegård, C.; Samuelsson, B.; Rosenquist, Å.; Fanning, G.;
Van Emelen, K.; Simmen, K.; Raboisson, P. J. Med. Chem. 2010, 53, 8150.
15. Burkhard, J. A.; Wuitschik, G.; Rogers-Evans, M.; Müller, K.; Carreira, E. M.
Angew. Chem., Int. Ed. 2010, 49, 9052.
16. Bondada, L.; Rondla, R.; Pradere, U.; Liu, P.; Li, C.; Bobeck, D.; McBrayer, T.;
Tharnish, P.; Courcambeck, J.; Halfon, P.; Whitaker, T.; Amblard, F.; Coats, S. J.;
Schinazi, R. F. Bioorg. Med. Chem. Lett. 2013, 23, 6325.
17. Xiong, H.; Foulk, M.; Aschenbrenner, L.; Fan, J.; Tiong-Yip, C. L.; Johnson, K. D.;
Moustakas, D.; Fleming, P. R.; Brown, D. G.; Zhang, M.; Ferguson, D.; Wu, D.; Yu,
Q. Bioorg. Med. Chem. Lett. 2013, 23, 6789.
18. (a) Kung, D. W.; Coffey, S. B.; Jones, R. M.; Cabral, S.; Jiao, W.; Fichtner, M.;
Carpino, P. A.; Rose, C. R.; Hank, R. F.; Lopaze, M. G.; Swartz, R.; Chen, H. T.;
Hendsch, Z.; Posner, B.; Wielis, C. F.; Manning, B.; Dubins, J.; Stock, I. A.; Varma,
S.; Campbell, M.; DeBartola, D.; Kosa-Maines, R.; Steyn, S. J.; McClure, K. F.
Bioorg. Med. Chem. Lett. 2012, 22, 4281; (b) McClure, K. F.; Jackson, M.;
Cameron, K. O.; Kung, D. W.; Perry, D. A.; Orr, S. T.; Zhang, Y.; Kohrt, J.; Tu, M.;
Gao, H.; Fernando, D.; Jones, R.; Erasga, N.; Wang, G.; Polivkova, J.; Jiao, W.;
Swartz, R.; Ueno, H.; Bhattacharya, S. K.; Stock, I. A.; Varma, S.; Bagdasarian, V.;
Perez, S.; Kelly-Sullivan, D.; Wang, R.; Kong, J.; Cornelius, P.; Michael, L.; Lee, E.;
Janssen, A.; Steyn, S. J.; Lapham, K.; Goosen, T. Bioorg. Med. Chem. Lett. 2013, 23,
5410; (c) Bhattacharya, S. K.; Andrews, K.; Beveridge, R.; Cameron, K. O.; Chen,
C.; Dunn, M.; Fernando, D.; Gao, H.; Hepworth, D. V.; Jackson, M.; Khot, V.;
Kong, J.; Kosa, R. E.; Lapham, K.; Loria, P. M.; Londregan, A. T.; McClure, K. F.;
Orr, S. T. M.; Patel, J.; Rose, C.; Saenz, J.; Stock, I. A.; Storer, G.; VanVolkenburg,
M.; Vrieze, D.; Wang, G.; Xiao, J.; Zhang, Y. ACS Med. Chem. Lett. 2014, 5, 474.
19. Keith, J. M.; Jones, W. M.; Pierce, J. M.; Seierstad, M.; Palmer, J. A.; Webb, M.;
Karbarz, M. J.; Scott, B. P.; Wilson, S. J.; Wennerholm, M. L.; Change, L.; Brown,
S. M.; Rizzolio, M.; Rynberg, R.; Chaplan, S. R.; Britenbucher, J. G. Bioorg. Med.
Chem. Lett. 2014, 24, 737.
20. Sweis, R. F.; Pliushchev, M.; Brown, P. J.; Guo, J.; Li, F.; Maag, D.; Petros, A. M.;
Soni, N. B.; Tse, C.; Vedadi, M.; Michaelides, M. R.; Chiang, G. G.; Pappano, W. N.
ACS Med. Chem. Lett. 2014, 5, 205.
21. Yuan, J.; Venkatraman, S.; Zheng, Y.; McKeever, B. M.; Dillard, L. W.; Singh, S. B.
J. Med. Chem. 2013, 56, 4156.
22. Dineen, T. A.; Weiss, M. M.; Williamson, T.; Acton, P.; Babu-Khan, S.;
Bartberger, M. D.; Brown, J.; Chen, K.; Cheng, Y.; Citron, M.; Croghan, M. D.;
Dunn, R. T.; Esmay, J.; Graceffa, R. F.; Harried, S. S.; Hickman, D.; Hitchcock, S.
A.; Horne, D. B.; Huang, H.; Imbeah-Ampiah, R.; Judd, T.; Kaller, M. R.; Kreiman,
C. R.; La, D. S.; Li, V.; Lopez, P.; Louie, S.; Monenschein, H.; Nguyen, T. T.;
Pennington, L. D.; San Miguel, T.; Sickmier, E. A.; Vargas, H. M.; Wahl, R. C.;
Wen, P. H.; Whittington, D. A.; Wood, S.; Xue, Q.; Yang, B. H.; Patel, V. F.; Zhong,
W. J. Med. Chem. 2012, 55, 9025.
23. Weiss, M. M.; Williamson, T.; Babu-Khan, S.; Bartberger, M. D.; Brown, J.; Chen,
K.; Cheng, Y.; Citron, M.; Croghan, M. D.; Dineen, T. A.; Esmay, J.; Graceffa, R. F.;
Harried, S. S.; Hickman, D.; Hitchcock, S. A.; Horne, D. B.; Huang, H.; Imbeah-
Ampiah, R.; Judd, T.; Kaller, M. R.; Kreiman, C. R.; La, D. S.; Li, V.; Lopez, P.;
Louie, S.; Monenschein, H.; Nguyen, T. T.; Pennington, L. D.; Rattan, C.; San
Miguel, T.; Sickmier, E. A.; Wahl, R. C.; Wen, P. H.; Wood, S.; Xue, Q.; Yang, B. H.;
Patel, V. F.; Zhong, W. J. Med. Chem. 2012, 55, 9009.
24. Efremov, I. V.; Vajdos, F. F.; Borzilleri, K. A.; Capetta, S.; Chen, H.; Dorff, P. H.;
Dutra, J. K.; Goldstein, S. W.; Mansour, M.; McColl, A.; Noell, S.; Oborski, C. E.;
O’Connell, T. N.; O’Sullivan, T. J.; Pandit, J.; Wang, H.; Wei, B.; Withka, J. M. J.
Med. Chem. 2012, 55, 9069.
25. Lee, S.; Song, J.-H.; Park, C. M.; Kim, J.-S.; Jeong, J.-H.; Cho, W.-Y.; Lim, D.-C. ACS
Med. Chem. Lett. 2013, 4, 1054.
26. Hostetler, G.; Dunn, D.; McKenna, B. A.; Kopec, K.; Chatterjee, S. Chem. Biol.
Drug Des. 2014, 83, 149.
27. Carry, J.-C.; Garcia-Echeverria, C. Bioorg. Med. Chem. Lett. 2013, 23, 2480.
28. Zhao, Y.; Yu, S.; Sun, W.; Liu, L.; Lu, J.; McEachern, D.; Shargary, S.; Bernard, D.;
Li, X.; Zhao, T.; Zou, P.; Sun, D.; Wang, S. J. Med. Chem. 2013, 56, 5553.
29. Bertamino, A.; Soprano, M.; Musella, S.; Rusciano, M. R.; Sala, M.; Vernieri, E.;
Sarno, V. D.; Limatola, A.; Carotenuto, A.; Cosconati, S.; Grieco, P.; Novellino, E.;
Illario, M.; Campiglia, P.; Gomez-Monterrey, I. J. Med. Chem. 2013, 56,
5407.
30. Ribeiro, C. J.; Amaral, J. D.; Rodrigues, C. M.; Moreira, R.; Santos, M. M. Bioorg.
Med. Chem. 2014, 22, 577.
31. Zhang, Z.; Chu, X.-J.; Liu, J.-J.; Ding, Q.; Zhang, J.; Bartkovitz, D.; Jiang, N.;
Karnachi, P.; So, S.-S.; Tovar, C.; Filipovic, Z. M.; Higgins, B.; Glenn, K.; Packman,
K.; Vassilev, L.; Graves, B. ACS Med. Chem. Lett. 2014, 5, 124.
32. Watterson, S. H.; Xiao, Z.; Dodd, D. S.; Tortolani, D. R.; Vaccaro, W.; Potin, D.;
Launay, M.; Stetsko, D. K.; Skala, S.; Davis, P. M.; Lee, D.; Yang, X.; McIntyre, K.
W.; Balimane, P.; Patel, K.; Yang, Z.; Marathe, P.; Kadiyala, P.; Tebben, A. J.;
Sheriff, S.; Chang, C. Y.; Ziemba, T.; Zhang, H.; Chen, B. C.; DelMonte, A. J.;Aranibar, N.; McKinnon, M.; Barrish, J. C.; Suchard, S. J.; Murali Dhar, T. G. J.
Med. Chem. 2010, 53, 3814.
33. (a) Goldberg, Y. P.; Price, N.; Namdari, R.; Cohen, C. J.; Lamers, M. H.; Winters,
C.; Price, J.; Young, C. E.; Verschoof, H.; Sherrington, R.; Pimstone, S. N.; Hayden,
M. R. Pain 2012, 153, 80; (b) Bagal, S. K.; Vrown, A. D.; Cox, P. J.; Omoto, K.;
Owen, R. M.; Pryde, D. C.; Sidders, B.; Skeratt, S. E.; Stevens, E. B.; Storer, R. I.;
Swain, N. A. J. Med. Chem. 2013, 56, 593.
34. Powell, N. A.; Kohrt, J. T.; Filipski, K. J.; Kaufman, M.; Sheehan, D.; Edmunds, J.
E.; Delaney, A.; Wang, Y.; Bourbonais, F.; Lee, D. Y.; Schwende, F.; Sun, F.;
McConnell, P.; Catana, C.; Chen, H.; Ohren, J.; Perrin, L. A. Bioorg. Med. Chem.
Lett. 2012, 22, 190.
35. Poslusney, M. S.; Melancon, B. J.; Gentry, P. R.; Shefﬂer, D. J.; Bridges, T. M.;
Utley, T. J.; Daniels, J. S.; Niswender, C. M.; Conn, P. J.; Lindsley, C. W.; Wood, M.
R. Bioorg. Med. Chem. Lett. 2013, 23, 1860.
36. Kim, J. J.; Wood, M. R.; Stachel, S. J.; de Leon, P.; Nomland, A.; Stump, C. A.;
McWherter, M. A.; Schirripa, K. M.; Moore, E. L.; Salvatore, C. A.; Selnick, H. G.
Bioorg. Med. Chem. Lett. 2014, 24, 258.
37. Eastwood, P.; González, J.; Gómez, E.; Caturla, F.; Balagué, C.; Orellana, A.;
Domínguez, M. Bioorg. Med. Chem. Lett. 2011, 21, 5270.
38. Kazmierski, W. M.; Maynard, A.; Duan, M.; Baskaran, S.; Botyanzki, J.; Crosby,
R.; Dickerson, S.; Tallant, M.; Grimes, R.; Hamatake, R.; Leivers, M.; Roberts, C.
D.; Walker, J. J. Med. Chem. 2014, 57, 2058.
39. Li, J.; Wu, N.; Tian, Y.; Zhang, J.; Wu, S. ACS Med. Chem. Lett. 2013, 4, 806.
40. Ohtake, Y.; Sato, T.; Kobayashi, T.; Nishimoto, M.; Taka, N.; Takano, K.;
Yamamoto, K.; Ohmori, M.; Yamaguchi, M.; Takami, K.; Yeu, S. Y.; Ahn, K. H.;
Matsuoka, H.; Morikawa, K.; Suzuki, M.; Hagita, H.; Ozawa, K.; Yamaguchi, K.;
Kato, M.; Ikeda, S. J. Med. Chem. 2012, 55, 7828.
41. (a) Scott, J. S.; Goldberg, F. W.; Turnbull, A. V. J. Med. Chem. 2014, 57, 4466; (b)
Tice, C. M.; Zhao, W.; Xu, Z.; Cacatian, S. T.; Simpson, R. D.; Ye, Y.; Singh, S. B.;
McKeever, B. M.; Lindblom, P.; Guo, J.; Krosky, P. M.; Kruk, B. A.; Berbaum, J.;
Harrison, R. K.; Johnson, J. J.; Bukhtiyarov, Y.; Panemangalore, R.; Scott, B. B.;
Zhao, Y.; Bruno, J. G.; Zhuang, L.; McGeehan, G. M.; He, W.; Claremon, D. A.
Bioorg. Med. Chem. Lett. 2010, 20, 881.
42. Bhagwanth, S.; Mishra, S.; Daya, R.; Mah, J.; Mishra, R. K.; Johnson, R. L. ACS
Chem. Neurosci. 2012, 3, 274.
43. Wellenzohn, B.; Lessel, U.; Beller, A.; Isambert, T.; Hoenke, C.; Nosse, B. J. Med.
Chem. 2012, 55, 11031.
44. Vachal, P.; Miao, S.; Pierce, J. M.; Guiadeen, D.; Colandrea, V. J.; Wyvratt, M. J.;
Salowe, S. P.; Sonatore, L. M.; Milligan, J. A.; Hajdu, R.; Gollapudi, A.; Keohane,
C. A.; Lingham, R. B.; Mandala, S. M.; DeMartino, J. A.; Tong, X.; Wolff, M.;
Steinhuebel, D.; Kieczykowski, G. R.; Fleitz, F. J.; Chapman, K.; Athanasopoulos,
J.; Adam, G.; Akyuz, C. D.; Jena, D. K.; Lusen, J. W.; Meng, J.; Stein, B. D.; Xia, L.;
Sherer, E. C.; Hale, J. J. J. Med. Chem. 2012, 55, 2945.
45. O’Reilly, M. C.; Scott, S. A.; Brown, K. A.; Oguin, T. H., 3rd; Thomas, P. G.;
Daniels, J. S.; Morrison, R.; Brown, H. A.; Lindsley, C. W. J. Med. Chem. 2013, 56,
2695.
46. Liang, G.; Choi-Sledeski, Y. M.; Poli, G. B.; Chen, X.; Minnich, A.; Wang, Q.; Tsay,
J.; Sides, K.; Vaz, R. J. Med. Chem. Commun. 2011, 2, 794.
47. DeMong, D.; Dai, X.; Hwa, J.; Miller, M.; Lin, S.-I.; Kang, L.; Stamford, A.;
Greenlee, W.; Yu, W.; Wong, M.; Lavey, B.; Kozlowski, J.; Zhou, G.; Yang, D.-Y.;
Patel, B.; Soriano, A.; Zhai, Y.; Sondey, C.; Zhang, H.; Lachowicz, J.; Grotz, D.;
Cox, K.; Morrison, R.; Andreani, T.; Cao, Y.; Liang, M.; Meng, T.; McNamara, P.;
Wong, J.; Bradley, P.; Feng, K.-I.; Belani, J.; Chen, P.; Dai, P.; Gauuan, J.; Lin, P.;
Zhao, H. J. Med. Chem. 2014, 57, 2601.
48. (a) Hossain, N.; Ivanova, S.; Bergare, J.; Eriksson, T. Bioorg. Med. Chem. Lett.
2013, 23, 1883; (b) Hossain, N.; Mensonides-Harsema, M.; Cooper, M. E.;
Eriksson, T.; Ivanova, S.; Bergstrom, L. Bioorg. Med. Chem. Lett. 2014, 24, 108.
49. Huang, H.; La, D. S.; Cheng, A. C.; Whittington, D. A.; Patel, V. F.; Chen, K.;
Dineen, T. A.; Epstein, O.; Graceffa, R.; Hickman, D.; Kiang, Y. H.; Louie, S.; Luo,
Y.; Wahl, R. C.; Wen, P. H.; Wood, S.; Fremeau, R. T., Jr. J. Med. Chem. 2012, 55,
9156.
50. Thomas, A. A.; Hunt, K. W.; Volgraf, M.; Watts, R. J.; Liu, X.; Vigers, G.; Smith, D.;
Sammond, D.; Tang, T. P.; Rhodes, S. P.; Metcalf, A. T.; Brown, K. D.; Otten, J. N.;
Burkard, M.; Cox, A. A.; Do, M. K. G.; Dutcher, D.; Rana, S.; DeLisle, R. K.; Regal,
K.; Wright, A. D.; Groneberg, R.; Scearce-Levie, K.; Siu, M.; Purkey, H. E.;
Lyssikatos, J. P.; Gunawardana, I. W. J. Med. Chem. 2014, 57, 878.
51. Hunt, K. W.; Cook, A. W.; Watts, R. J.; Clark, C. T.; Vigers, G.; Smith, D.; Metcalf,
A. T.; Gunawardana, I. W.; Burkard, M.; Cox, A. A.; Geck Do, M. K.; Dutcher, D.;
Thomas, A. A.; Rana, S.; Kallan, N. C.; DeLisle, R. K.; Rizzi, J. P.; Regal, K.;
Sammond, D.; Groneberg, R.; Siu, M.; Purkey, H.; Lyssikatos, J. P.; Marlow, A.;
Liu, X.; Tang, T. P. J. Med. Chem. 2013, 56, 3379.
52. Stachel, S. J.; Steele, T. G.; Petrocchi, A.; Haugabook, S. J.; McGaughey, G.;
Katharine Holloway, M.; Allison, T.; Munshi, S.; Zuck, P.; Colussi, D.; Tugasheva,
K.; Wolfe, A.; Graham, S. L.; Vacca, J. P. Bioorg. Med. Chem. Lett. 2011, 22, 240.
53. Brodney, M. A.; Barreiro, G.; Ogilvie, K.; Hajos-Korcsok, E.; Murray, J.; Vajdos,
F.; Ambroise, C.; Christoffersen, C.; Fisher, K.; Lanyon, L.; Liu, J.; Nolan, C. E.;
Withka, J. M.; Borzilleri, K. A.; Efremov, I.; Oborski, C. E.; Varghese, A.; O’Neill, B.
T. J. Med. Chem. 2012, 55, 9224.
54. (a) Qiao, J. X.; Wang, T. C.; Ruel, R.; Thibeault, C.; L’Heureux, A.; Schumacher, W.
A.; Spronk, S. A.; Hiebert, S.; Bouthillier, G.; Lloyd, J.; Pi, Z.; Schnur, D. M.; Abell,
L. M.; Hua, J.; Price, L. A.; Liu, E.; Wu, Q.; Steinbacher, T. E.; Bostwick, J. S.;
Chang, M.; Zheng, J.; Gao, Q.; Ma, B.; McDonnell, P. A.; Huang, C. S.; Rehfusms,
R.; Wexler, R. R.; Lam, P. Y. J. Med. Chem. 2013, 56, 9275; (b) Jeon, Y. T.; Qiao, J.
X.; Li, L.; Ruel, R.; Thibeault, C.; Hiebert, S.; Wang, T. C.; Wnag, Y.; Liu, Y.; Clark,
C. G.; Wong, H. S.; Zhu, J.; Wu, D.-R.; Sun, D.; Chen, B.-C.; Mathur, A.; Chacko, S.
A.; Malley, M.; Chen, X.-Q.; Shen, H.; Huang, C. S.; Schumacher, W. A.; Bostwick,
3682 Y. Zheng et al. / Bioorg. Med. Chem. Lett. 24 (2014) 3673–3682J. S.; Stewart, A. B.; Price, L. A.; Hua, J.; Li, D.; Levesque, P. C.; Seiffert, D. A.;
Rehfuss, R.; Wexler, R. R.; Lam, P. Y. S. Bioorg. Med. Chem. Lett. 2014, 24, 1294.
55. Mazurov, A. A.; Speake, J. D.; Yohannes, D. J. Med. Chem. 2011, 54, 7943.
56. Chen, X. T.; Pitis, P.; Liu, G.; Yuan, C.; Gotchev, D.; Cowan, C. L.; Rominger, D. H.;
Koblish, M.; Dewire, S. M.; Crombie, A. L.; Violin, J. D.; Yamashita, D. S. J. Med.
Chem. 2013, 56, 8019.
57. Chen, A.; Aspiotis, R.; Campeau, L. C.; Cauchon, E.; Chefson, A.; Ducharme, Y.;
Falgueyret, J. P.; Gagné, S.; Han, Y.; Houle, R.; Laliberté, S.; Larouche, G.;
Lévesque, J. F.; McKay, D.; Percival, D. Bioorg. Med. Chem. Lett. 2011, 21, 7399.
58. Fujimoto, T.; Tomata, Y.; Kunitomo, J.; Hirozane, M.; Marui, S. Bioorg. Med.
Chem. Lett. 2011, 21, 6409.
59. Fichtner, M.; Lee, E.; Tomlinson, E.; Scott, D.; Cornelius, P.; Patterson, T. A.;
Carpino, P. A. Bioorg. Med. Chem. Lett. 2011, 22, 2738.
60. Zhou, H.; Topiol, S. W.; Grenon, M.; Jimenez, H. N.; Uberti, M. A.; Smith, D. G.;
Brodbeck, R. M.; Chandrasena, G.; Pedersen, H.; Madsen, J. C.; Doller, D.; Li, G.
Bioorg. Med. Chem. Lett. 2013, 23, 1398.
61. Li, Y.; Wang, X.; Zhang, J.; Deuther-Conrad, W.; Xie, F.; Zhang, X.; Liu, J.; Qiao, J.;
Cui, M.; Steinbach, J.; Brust, P.; Liu, B.; Jia, H. J. Med. Chem. 2013, 56, 3478.
62. Mohan, S.; Kerry, P. S.; Bance, N.; Niikura, M.; Pinto, B. M. Angew. Chem., Int. Ed.
2014, 53, 1076.
63. Abramson, H. A. J. Med. Chem. 2011, 54, 5615.
64. (a) Kamata, M.; Yamashita, T.; Kina, A.; Funata, M.; Mizukami, A.; Sasaki, M.;
Tani, A.; Funami, M.; Amano, N.; Fukatsu, K. Bioorg. Med. Chem. Lett. 2012, 22,
3643; (b) Kamat, M.; Yamashita, T.; Kina, A.; Tawada, M.; Endo, S.; Mizukami,
A.; Sasaki, M.; Tani, A.; Nakano, Y.; Watanabe, Y.; Furuyama, N.; Funami, M.;
Amano, N.; Fukatsu, K. Bioorg. Med. Chem. Lett. 2012, 22, 4769.
65. Grifﬁth, D. A.; Dow, R. L.; Huard, K.; Edmonds, D. J.; Bagley, S. W.; Polivkova, J.;
Zeng, D.; Garcia-Irizarry, C. N.; Southers, J. A.; Esler, W.; Amor, P.; Loomis, K.;
McPherson, K.; Bahnck, K. B.; Préville, C.; Banks, T.; Moore, D. E.; Mathiowetz,
A. M.; Menhaji-Klotz, E.; Smith, A. C.; Doran, S. D.; Beebe, D. A.; Dunn, M. F. J.
Med. Chem. 2013, 56, 7110.
66. Betschart, C.; Hintermann, S.; Behnke, D.; Cotesta, S.; Fendt, M.; Gee, C. E.;
Jacobson, L. H.; Laue, G.; Ofner, S.; Chaudhari, V.; Badiger, S.; Pandit, C.;
Wagner, J.; Hoyer, D. J. Med. Chem. 2013, 56, 7590.
67. Schläger, T.; Schepmann, D.; Lehmkuhl, K.; Holenz, J.; Vela, J. M.; Buschmann,
H.; Wünsch, B. J. Med. Chem. 2011, 54, 6704.
68. Oberdorf, C.; Schepmann, D.; Vela, J. M.; Buschmann, H.; Holenz, J.; Wünsch, B.
J. Med. Chem. 2012, 55, 5350.
69. Fytas, C.; Zoidis, G.; Tzoutzas, N.; Taylor, M. C.; Fytas, G.; John, M. J. Med. Chem.
2011, 54, 5250.
70. Varasi, M.; Thaler, F.; Abate, A.; Bigogno, C.; Boggio, R.; Carenzi, G.; Cataudella,
T.; Zuffo, R. D.; Fulco, M. C.; Rozio, M. G.; Mai, A.; Dondio, G.; Minucci, S.;
Mercurio, C. J. Med. Chem. 2011, 54, 3051.71. Dandu, R. R.; Lyons, J. A.; Raddatz, R.; Huang, Z.; Aimone, L. D.; Hudkins, R. L.
Bioorg. Med. Chem. Lett. 2012, 22, 2151.
72. Kato, Y.; Fuchi, N.; Nishimura, Y.; Watanabe, A.; Yagi, M.; Nakadera, Y.; Higashi,
E.; Yamada, M.; Aoki, T.; Kigoshi, H. Bioorg. Med. Chem. Lett. 2014, 24, 565.
73. Allen, C. E.; Chow, C. L.; Caldwell, J. J.; Westwood, I. M.; Mvan Montfort, R. L.;
Collins, I. Bioorg. Med. Chem. 2013, 21, 5707.
74. Kaptein, A.; Oubrie, A.; de Zwart, E.; Hoogenboom, N.; de Wit, J.; van de Kar, B.;
van Hoek, M.; Vogel, G.; de Kimpe, V.; Schultz-Fademrecht, C.; Borsboom, J.;
van Zeeland, M.; Versteegh, J.; Kazemier, B.; de Roos, J.; Wijnands, F.; Dulos, J.;
Jaeger, M.; Leandro-Garcia, P.; Barf, T. Bioorg. Med. Chem. Lett. 2011, 21, 3823.
75. Hanessian, S.; Jennequin, T.; Boyer, N.; Babonneau, V.; Soma, U.; la Cour, C. M.;
Millan, M. J.; De Nanteuil, G. ACS Med. Chem. Lett. 2014, 5, 550.
76. Deng, Y.; Yang, Z.; Shipps, G. W., Jr.; Lo, S. M.; West, R.; Hwa, J.; Zheng, S.;
Farley, C.; Lachowicz, J.; van Heek, M.; Bass, A. S.; Sinha, D. P.; Mahon, C. R.;
Cartwright, Ms. E. Bioorg. Med. Chem. Lett. 2013, 23, 791.
77. Uto, Y.; Ueno, Y.; Kiyotsuka, Y.; Miyazawa, Y.; Kurata, H.; Ogata, T.; Takagi, T.;
Wakimoto, S.; Ohsumi, J. Eur. J. Med. Chem. 2011, 46, 1892.
78. Zhang, Z.; Dales, N. A.; Winther, M. D. J. Med. Chem. 2014, 57, 5039.
79. Donnell, A. F.; Michoud, C.; Rupert, K. C.; Han, X.; Aguilar, D.; Frank, K. B.;
Fretland, A. J.; Gao, L.; Goggin, B.; Hogg, J. H.; Hong, K.; Janson, C. A.; Kester, R.
F.; Kong, N.; Le, K.; Li, S.; Liang, W.; Lombardo, L. J.; Lou, Y.; Lukacs, C. M.;
Mischke, S.; Moliterni, J. A.; Polonskaia, A.; Schutt, A. D.; Solis, D. S.; Specian, A.;
Taylor, R.; Weisel, M.; Remiszewski, S. W. J. Med. Chem. 2013, 56, 7772.
80. Seto, S.; Yumoto, K.; Okada, K.; Asahina, Y.; Iwan, A.; Iwago, M.; Terasawa, R.;
Shreder, K. R.; Murakami, K.; Kohno, Y. Bioorg. Med. Chem. 2012, 20, 1188.
81. Boström, J.; Norrby, P. O.; Liljefors, T. J. Comput. Aided Mol. Des. 1998, 4, 383.
82. (a) Meyer, J. H.; Bartlett, P. A. J. Am. Chem. Soc. 1998, 120, 4600; (b) Ding, J.;
Fraser, M. E.; Meyer, J. H.; Bartlett, P. A.; James, M. N. G. J. Am. Chem. Soc. 1998,
120, 4610; (c) Smith, W. W.; Bartlett, P. A. J. Am. Chem. Soc. 1998, 120, 4622.
83. Veber, D. F.; Johnson, S. R.; Cheng, H.-Y.; Smith, B. R.; Ward, K. W.; Kopple, K. D.
J. Med. Chem. 2002, 45, 2615.
84. Wuitschik, G.; Carreira, E. M.; Wagner, B.; Fischer, H.; Parrilla, I.; Schuler, F.;
Rogers-Evans, M.; Müller, K. J. Med. Chem. 2010, 53, 3227.
85. Li, D. B.; Rogers-Evans, M.; Carreira, E. M. Org. Lett. 2013, 15, 4766.
86. Burkhard, J. A.; Wagner, B.; Fischer, H.; Schuler, F.; Müller, K.; Carreira, E. M.
Angew. Chem., Int. Ed. 2010, 49, 3524.
87. Hung, A. W.; Ramek, A.; Wang, Y.; Kaya, T.; Wilson, J. A.; Clemons, P. A.; Young,
D. W. Proc. Natl. Acad. Sci. 2011, 108, 6799.
88. Cacatian, S.; Claremon, D. A.; Dillard, L. W.; Fuchs, K.; Heine, N.; Jia, L.; Leftheris,
K.; McKeever, B.; Morales, R. A.; Singh, S.; Venkatraman, S.; Wu, G.; Wu, Z.; Xu,
Z.; Yuan, J.; Zheng, Y. WO-2010/105179.
